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ABSTRACT 
THE ROLE OF SEDIMENTS I N  EUTROPHICATION -- A PRELIMINARY STUDY 
The r e p o r t  i s  d i v i d e d  i n t o  two p a r t s .  The f i r s t  p a r t  c o n t a i n s  t h e  
r e s u l t s  o f  an e x t e n s i v e  l i t e r a t u r e  su rvey  c o n c e r n i n g  t h e  d i s t r i b u t i o n  o f  
n u t r i e n t s  i n  wa te rs  and sed iments  and mechanisms f o r  d e s c r i b i n g  t h e  
m o b i l i t y  o f  phosphate n u t r i e n t s  i n  a q u a t i c  systems. The h o r i z o n a l  and 
v e r t i c a l  d i s t r i b u t i o n  o f  n u t r i e n t s  f o r  Grea t  Lakes wa te rs  i n  o t h e r  U.S. 
as w e l l  as f o r e i g n  l a k e s  and r i v e r s  a r e  p resen ted .  Phosphate n u t r i e n t  
m o b i l i t y  mechanisms a r e  o rga t i i zed  i n  a s i n g l e  t a b l e  based upon two t y p e s  o f  
t r a n s f o r m a t i o n s :  s p e c i a l  and chemica l .  Twen ty - fou r  p o s s i b l e  t y p e s  o f  
t r a n s f o r m a t i o n  c a t e g o r i e s  a r e  employed based upon t h e  o r g a n i c  o r  i n o r g a n i c  
f o r m  o f  t h e  phosphate i t s e l f  and t h e  o r g a n i c  o r  i n o r g a n i c  t y p e  o f  s p a t i a l  
domain i n  wh ich  t h e  phosphate i s  l o c a t e d .  
I n  t h e  second p a r t  a  l a b o r a t o r y  t e c h n i q u e  t o  a i d  i n  t h e  s t u d y  o f  
t h e  hydrodynamic t r a n s p o r t  o f  phosphates i n  s a t u r a t e d  s o i l s  i s  desc r ibed .  
The t e c h n i q u e  i s  based upon a  m o d i f i c a t i o n  o f  t h e  one d imens iona l  
conso l  i d a t i o n  t e s t  and employs r a d i ~ n u c l  e i d  t r a c e r s .  T y p i c a l  t e s t  r e s u l t s  
a r e  p resen ted ,  though t h e  comple te  s t u d y  o f  t h e  phenomenon i s  t h e  s u b j e c t  
o f  a  subsequent p r o j e c t  i n  p r o g r e s s .  
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THE ROLE OF SEDIMENTS I N  EUTROPHICATION - A PRELIMIiNARY STUDY 
by  
Char1 es A. Moore 
and 
14arshall  L .  S i l v e r  
INTRODUCTION 
The o b j e c t i v e  of  t h i s  r e s e a r c h  was t o  pe r fo r r r~  a f e a s i b i l i t y  s t u d y  t o  
a i d  i n  d e t e r m i n i n g  t h e  amount and t y p e  of  a s s o c i a t i o n  between sediments and 
phosphate n u t r i e n t s .  The r e s e a r c h  c o n s i s t e d  o f  two phases. The f i r s t  phase 
i n v o l v e d  a l i t e r a t u r e  r e v i e w  t o  de te rm ine :  
1 .  The p r e s e n t  s t a t e  of knawledge concern ing  where phosphates o c c u r  
i n  s e d i ~ n e n t s .  T h i s  i n c l u d e d  a s t u d y  o f  t h e  q u a n t i t i e s  o f  phosphates r e p o r t e d  
i n  sed iments  as w e l l  as a s t u d y  of h o r i z o n t a l  and v e r t i c a l  d i s t r i b u t i o n s  
w i  t h i  n t h e  sediments.  
2. Mechanisms by  which phasphates a r e  h e l d  i n  sediments and mechanisms 
t h a t  r e s u l t  i n  m o b i l i t y  of phosphates w i t h i n  t h e  sediments.  D u r i n g  t h e  course 
of t h e  r e s e a r c h  i t  became necessary  t o  ex tend  t h e  scope o f  t h i s  aspec t  of t h e  
s t u d y  t o  i n c l u d e  m o b i l  i t y  mechanisms f o r  phosphates i n  t h e  e n t i r e  a q u a t i c  
system because complex i n t e r a c t i o n s  rendered  t h e  t r e a t m e n t  o f  t h e  f a t e s  o f  
phosphates w i t h i n  sediments on1v u n f e a s i b l e .  
The second phase o f  t h e  research  c a n s i s t e d  o f  t h e  development o f  l a b o r a t o r y  
techn iques  f o r  s t u d y i n g  t h e  m o b i l i t y  a f  phosphates i n  sediments,  The p r i m a r y  
o b j e c t i v e s  of  these  s t u d i e s  were: 
1 .  t o  develop c a p a b i l i t i e s  w i t h i n  t he  UICC l a b o r a t o r i e s  t o  determine 
phosphate con ten ts  o f  sediments us ing  c o l o r i m e t r i c  tect-~niques; and 
2. t o  develop p3' t r a c e r  techniques t o  measure t r a n s p o r t  phenomena o f  
phosphates i n  sediments. 
The o b j e c t i v e s  o f  t h i s  research were met d u r i n g  t he  pas t  year  and t h e  
r e s u l t s  a re  descr ibed i n  t h i s  r e p o r t .  I n  a d d i t i o n ,  t h e  i n t e r - r e l a t i o n s h i p s  
between t h i s  p r o j e c t  (A-047) and a  c u r r e n t  p r o j e c t  (A-053, Dynamic I n t e r -  
a c t i o n  between Phosphate N u t r i e n t s  and Sediments) a re  discussed. 
PHASE I - RESULTS OF THE LITERATURE SEARCH 
A. NUTRIENT CONTENTS I N  AQUATIC SYSTEMS 
Es tab l i shed  Leve ls  o f  Excessive N u t r i e n t  Content 
It i s  general  l y  agreed by e c o l o g i s t s  and b i o l o g i s t s  t h a t  phosphorous 
and n i t r o g e n  a r e  two o f  t h e  most i m p o r t a n t  n u t r i e n t s  r e q u i r e d  t o  suppor t  
growth o f  a q u a t i c  p l a n t s  (Hutchinson, 1957) .  Even though i t  i s  d i f f i c u l t  
t o  c l e a r l y  d e f i n e  t h e  i n f l u e n c e  o f  s i n g l e  elements on t he  growth r a t e  o f  
aqua t i c  organisms, a  body o f  1  i t e r a t u r e  does e x i s t  showing t h a t  t h e r e  i s  
a  minimum l e v e l  o f  n u t r i e n t  c o n t e n t  below which t h e r e  i s  1  i t t l e  o r  no growth 
o f  a q u a t i c  p l a n t s .  T h i s  l e v e l  may be cons idered  t o  be a  l owe r  1  i m i t  a g a i n s t  
which t o  measure excess ive n u t r i e n t  con ten ts  o f  r i v e r s  and l a k e s .  Above 
t h i s  minimum, t h e r e  i s  a  second l e v e l  where exper iments  have shown t h a t  
acce le ra ted  growth o f  aqua t i c  p l a n t s  i n c l u d i n g  a1 gae and phy top l  ankton 
develops. When n u t r i e n t  con ten ts  exceed these  l e v e l s ,  t h e  e u t r o p h i c a t i o n  
process may a c c e l e r a t e  r a p i d l y .  
The r e s u l t s  o f  l a b o r a t o r y  s t u d i e s  t h a t  have been performed t o  a i d  i n  
e s t a b l i s h i n g  these n u t r i e n t  l e v e l s  a r e  shown i n  Table  1 .  I n  genera l ,  i t  
may be seen t h a t  t he  minimum phosph~ rous  con ten t  needed f o r  growth o f  a lgae 
i s  be1 ow 0.01 mg/l and may even be 1  ess than  0.001 mg/l . Phosphorous con- 
c e n t r a t i o n s  i n  excess o f  0.1 mg/l o f t e n  cause acce le ra ted  growth o f  v a r i o u s  
t ypes  o f  phy top lank ton  and a lgae.  
TABLE 1 
NUTRIENT LEVELS REQUlRED FOR ALGAE GROWH 
Phosphate or Phos- 


























Lakes Waubesa and Kegonsa had an 
encessiye amount of inorganic 
phosphorus at all time of the year, 
usually O.2q mg/liter or more. For 
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(phosphorus needs and Asterionella, under 
some circumstances, was able to 
reproduce merely by using the 
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0.15 to 0.3 
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of inorganic phosphorus was less 
than 0.01 mg/liter. 
The content of phosphorus varied 
in both the natural and cultural 
populations. The ability of the 
organisms to store phosphorus in 
excess of their immediatg needs. 
The only llmiting requirement was 
0.06 ug of phosphorus/106 cells. 
The concentrations of ~rthbphos- 
phate during the period of bl~ams 
varied wldely. 
An analysts of the besthic 
organisms indicated that Chaoborus 
Chironomus, and Oligochaetes were 
most qumerous in Lake Mendota. 












Was isolated from the stream 
leading into the pond in the 
Cambridge Botanic Garden. 
S0he algae had a luxury consump- 
tion of phosphorus,e.g. 
Scenedesmus had the ability to 




T A B L E  I 
NUTRIENT L E V E L S  REQUIRED FOR AI.CAE C R O m H  (Continued) 
L 
Phosphate o r  Phos- 








The n a t u r a l  c o n c e n t r a t i o n  o f  
~ h l o r o ~ h ~ c e a l  
I 
Aster ione l lp .  
Various tries 
formosa 
Var ious  t y p e s  
Grecn Alga 
Pedias t rwn 
boryanwn 
Var ious  t y p e s  
Min.NccJcd 
f o r  Growth 
2-3% o f  t h c  
dry  weight  
o f  t h e  ccl l! ,  
c e l l s  (phos.  
p h o n ~ s )  
1 mg/1 o r  
' Causing Acccl-  I Min.h'cedcd Causing Accel- 
c r a t c d  Growth I f o r  r;ro\qth th 







A s t e r i o n e l l a  
g r a c i l l i r n a  
T a b e l l a r i a  
f l o c c u l o s a  
Cyanophyta 
( b l u e - g r a r  
a l g a e )  
S p h a e r o t i l u s  
C h l o r e l l a  
pyrenoidosa ,  
t h e  u n i c e l -  
l u l a r  g reen  
1 P C / ~  
(phosphorus:  
0.05 mg/l 
( y h o s ~ h o r ~ ~ s )  - 
0.09-1.78 
mg/l (phos- 
pha te  phos- 
phorus)  
0.09-1.8 
( N i t r a t e -  . 
Nit rogen)  
0 .1  mg/l 
0.1-2.0 mg/l 
whcn t h e  c o n c c n t r a t i o n s  o f  N i t r o  
gen and Phosphorus dropped below 
i s o l a t e d  
from t h e  
BJ rn 
Elms Re- 










c o n c e n t r a t i o n  
above 0.1 mg/l 
o f  d e t e r g e n t  
phosphorus 
I 








0.05 mg/l ,  
( d e t e r g e n t  
phosphorus)  





0.9-3 .5  mg/l 
Wllcn t h e  n i t r o p c n  source  was 
ammonia. 
0.1 mg/l and 0.009 rng/l, respec-  
t i v e l y . C o n c e n t r n t i o n s  o f  e i t h e r  
c i t r o g e n  o r  phosphorus h i g h e r  
t h a n  45 mg/l produced n marked 
i n h i b i t i n g  e f f e c t  on t h e  - 
organisms s t u d i e d .  
I 
Chu, S. P. 
(1942) 
Chu, S. P. 
(1942) 
Sewage and 
I n d u s t r i e l  
Wastcs 
Crowley, 
W .  A .  
(1958) 
Xaloney. 







With phosphorus-starved c e l l s .  
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Dissolved So l id s  
Chloride 
SulfaLe 
T o t a l  Phosphorus 
Phenol 
Cyanide 
C r i t e r i a  
Not more than 2 9 . 6 " ~  
Within range 7.5-9.0 
Not more than  230 mg/l 
Not more than  0.33 rng/l. 
Not more than  30 mg/1 
Not more than  75 mg/l 
Not more than  0.033 ag/l 
Not more than  0.12 mg/l 
Not mare than  5 pg/l 
Not more t han  0.1 mg/l 
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0.015 mg/l a l ong  t h e  South Shore. More d e t a i l e d  da ta  f o r  n u t r i e n t  con ten ts  
i n  t h e  Great  Lakes a r e  g i ven  i n  Table  4. I n  a d d i t i o n  t o  da ta  r e p o r t e d  f o r  
phosphorous, t he re  i s  a l s o  da ta  on t h e  n i t r o g e n  con ten t  o f  Lake Mich igan.  
Whi le  measurements o f  t h e  phosphate con ten t  i n  Great Lakes waters  have 
been made by severa l  i n v e s t i g a t o r s ,  scant  i n f o r m a t i o n  e x i s t s  on t h e  phosphate 
1  eve1 s  common i n  c e n t r a l  l a k e  sediments. Know1 edge o f  e x i s t i n g  n u t r i e n t  
con ten ts  i n  Great  Lakes sediments i s  impo r tan t  f o r  f u t u r e  n u t r i e n t  l e v e l  
comparisons and f o r  de te rm ina t i on  of l o c a t i o n s  where l a r g e  concen t ra t ions  
e x i s t .  
H a r t l e y  (1967) has i n d i c a t e d  t h a t  phosphorous l e v e l s  i n  Lake E r i e  sed i -  
ments a r e  h i g h e r  than  those i n  Lake Mich igan.  Table 5  shows t h a t  phosphorous 
l e v e l s  on t h e  o r d e r  o f  700 mg per  kg e x i s t  i n  c e n t r a l  Lake E r i e  sediments. 
Sch le i che r  and Kuhn (1970), as shown i n  F i g .  2, have determined t h e  v e r t i c a l  
v a r i a t i o n  o f  P205 con ten t  i n  South-Central  Lake Mich igan.  
N u t r i e n t  Contents i n  R ive rs  and Harbors T r i b u t a r y  t o  t h e  Great  Lakes 
Severa l  i n v e s t i g a t o r s  have s t u d i e d  t h e  n u t r i e n t  con ten ts  i n  r i v e r s  and 
harbors  t r i b u t a r y  t o  t h e  Great  Lakes. Values f o r  t h e  phosphorous con ten t  a long 
t he  shores o f  Lake Mich igan as r epo r t ed  by t h e  FWPCA (1967) a re  shown i n  F i g .  3. 
V a r i a t i o n s  i n  phosphorous con ten ts  f rom 0.021 t o  0.052 mg/l a r e  shown w i t h i n  
a  d i s t a n c e  o f  2000 meters .  S i m i l a r  v a r i a t i o n s  i n  n i t r o g e n  con ten t  a r e  shown 
i n  F i g .  4 .  
A d d i t i o n a l  da ta  f o r  t h e  phosphorous and n i t r o g e n  con ten ts  i n  t h e  Waukegan 
shore r eg ion  as r e p o r t e d  by Beer (1969) a re  g iven  i n  Table  6 .  Again, t h e  
average phosphorous con ten t  i s  over  t w i c e  t h e  average f o r  c e n t r a l  Lake waters .  
Tab le  7  g i ves  a d d i t i o n a l  da ta  f o r  t o t a l  phosphorous and f o r  t o t a l  so l ub le  
TABLE 4 
PHOSPHORUS CONTENT IN WATER AM) SEDIMENTS - GREAT LAKES 
Location Phosphorus Nitrogen Notes References 
i n  Sediments 
1,900 mg/kg 
Lake Michigan, 
I l l i n o i s  
Lake Michigan, 
I l l i n o i s  
I.ake Michigan, 
(South basin)  






Lake Er ie  
i n  Sediments 
0.37%' 
(P 0 cons t i -  
t z e z t s )  
700 mg/kg 
i n  Water 
0.03 mg/l(P04) 
























Total  P) 
0 .02 mg/l 
Non-heated zone: 1850' south of Waukegan out-  
f a l l .  (389' offshore.  1 '  deep) 
Non-heated zone: 1800' north of Waukegan out-  
f a l l .  (1175' ~ f f s h o r e ,  11' deep) 
Heated zone: Waukegan o u t f a l l  
(922' offshore,  13' deep) 
The highest  value of P 0 cons t i tuen t s  w'as ob- 
se rv r  a t  0 t o  8 cent i?s5era below the mud and 
23 miles frqm shore.  
The highest  value f r e q u e n t l i  occurred a t  a 
depth of 15 meters. Phosphorus varied as  much 
a s  6 ppb. 
Total  phosphorus averaged 5 ppb i n  the  open 
lake and 10 t o  15 ppb along the South Shore. 
Valves represent  average d a t a  from 3 depths.  
Data obtained in 1967. 
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DEPTH (cm) 
F i g u r e  3 .  D i s p e r s i o n  p a t t e r n s  i n  Lake M ich igan .  
.. .. 
F i g u r e  4. D i s p e r s i o n  p a t t e r n s  i n  Lake Mich igan.  
TABLE 6 
PHOSPHORUS AND NITROGEN CONTENTS IN LAKE MICHIGAN SHORE WATERS, WAUKEGAN REGION, ILLINOIS 
Non-Heated Zone Heated Zone 
Nutr ien t  1850' south of 1800' north of  
Waukegan Ou t f a l l  Waukegan Out f a l l  Waukegan Ou t f a l l  
(389' o f fshore ,  11' deep) (1175' o f fshore ,  11' deep) (922' o f fshore ,  13 '  deep) 
Phosphate , PO4 0.03 mg/l 0 .03  mg/l 0.03 mg/l 
Ammonia, NH3 0.12 mg/l 0.07 mg/l 0.04 mg/l 
N i t r a t e s ,  NO2 0.01 mg/l 0.01 mg/1 0.01 mg/l 
N i t r a t e s  a s  N 0.003 mg/l 0.003 mg/l 0.003 mg/l 
N i t r i t e s ,  NO3 0.93 mg/l 0.93 mg/l 0.84 mg/l 
N i t r i t e s  a s  N 0.21 mg/l 0.21 mg/l 0.19 mg/l 
AAer  Beer, 1969 
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phosphorous i n  r i v e r s  and harbors  t r i b u t a r y  t o  Lake Mich igan.  Values as 
h i g h  as 2.41 mg/l a re  r epo r t ed  i n  Green Bay Harbor.  Green Bay Harbor 
sediments con ta ined  up t o  41 04 mg/kg phosphorous. Moreover, v a l  hes as 
h i g h  as 6500 mg/kg t o t a l  phosphorous a r e  r epo r t ed  i n  sediments o f  t h e  
Fox R i v e r .  
The n u t r i e n t  l e v e l s  i n  rnany harbors  were cons ide rab l y  h i g h e r  than  
l e v e l s  found i n  t h e  c e n t r a l  l a k e  and h i g h e r  than  l e v e l s  cons idered s a t i s -  
f a c t o r y  by p o l l u t i o n  expe r t s .  For example, t h e  phosphate con ten t  i n  t h e  
waters  o f  Green Bay, Wisconsin have been measured a t  2.41 mg/l which i s  
200 t imes  t h e  l e v e l  common i n  t h e  c e n t r a l  l a k e  and 75 t imes t h e  l e v e l  
g e n e r a l l y  cons idered t o l e r a b l e  by t h e  Lake Calumet Conferees. 
Data f o r  r i v e r s  and harbors  t r i b u t a r y  t o  Lake E r i e  a r e  g i ven  i n  Table  
8  a f t e r  t h e  FWQA (1967).  I n  Great Sodus Bay, t o t a l  phosphorous con ten ts  
o f  0.17 mg/l i n  t h e  water  a r e  accompanied by va lues o f  33,238 mg/kg i n  
t h e  sedirr~ents.  F igures 5  and 6  ob ta ined  from t h e  FWPCA (1967) show t h e  
v a r i a t i o n  i n  t o t a l  phosphorous con ten t  o f  sediments i n  t h e  Cuyahoga R i v e r  
as i t  e n t e r s  Lake E r i e .  
N u t r i e n t  Contents i n  Un i ted  S ta tes  Lakes and R ivers  
Data has a l s o  been ob ta ined  f rom t h e  l i t e r a t u r e  on t h e  n u t r i e n t  l e v e l s  
i n  l akes  and r i v e r s  i n  severa l  s t a t e s .  Table  9  summarizes da ta  f o r  I l l i n o i s  
l akes  and r i v e r s  and shows t h a t  phosphorous l e v e l s  o f  as h i g h  as .3 t o  .4 
mg/l i n  waters  a re  n o t  uncommon. 
Measurements o f  t h e  phosphorous con ten ts  i n  I l l i n o i s  waters  have been 
c a r r i e d  o u t  a t  a  v a r i e t y  o f  l o c a t i o n s  throughout  t h e  s t a t e .  The l o c a t i o n s  
of these sampl ing s t a t i o n s  a r e  shown i n  F i g .  7. These measurements, r e p o r t e d  
by Engel b r e c h t  and Morgan (1959), show concen t ra t i ons  o f  or thophosphate (P205) 
- 
TABLE 8 
PHOSPHORUS NUTRIENT CONTENT MEASURED IN 
RIVERS AND HARBORS TRIBUTARY TO LAKE E R I E  
Sediment Water 
T o t a l  To t a l  Soluble  T o t a l  
Phosphorus. Phosphorus To ta l  Soluble  
mg/Kg mk!/Kg Phosphorus Phosphorus 
Location Date (dry weight) (dry weight) mg/i mg/E Notes 
Buffa lo  Harbor, June ,  1967 778 --- 0.03  --- Range va lues  measured 
New York (average) t o  a t  d i f f e r e n t  s t a t i o n s  
0.06 
Buffa lo  River ,  June ,  1967 1,150 --- 0.82 --- Range o f  va lues  
New York (average) t o  
0.17 
Cleveland Harbor, March 23-30, 2,030 --- 0.55 0.16 Range of  va lues  
Ohio 1967 t o t o  t o  
850 0.08 0.03 
Cuyahoga River,  March 23- 30, 6,990 ---  1.53 0.30 Range o f  va lues  
(Cleveland) Ohio 1967 t o  t o  t o 
1,180 0.17 0.05 
Great Sodus Bay, June 28, 1968 33,238 107.0 0.17 0.12 Samples a t  s t a t i o n  10 
New York 
From FWQA (1967) 
LAKE ERIE 





MEASURED IN SEDIMENTS 
C L E V E L A N D  M A R C H  23-30. 1967 
C O N T O U R  I N T E R V A L  - 1 mg/g 
I s 
0 1 2 3 
K I L O M E T E R S  
F R O M  F W P C A  
Figure  5 - N u t r i e n t  con ten t  i n  Cuyahoga R iver ,  Ohio, 




Tab1 e 9 
PHOSPHORUS COKTEKT IN WATER Ah'D SEDIMENTS - ILLINOIS 
Location Phosphorus Nitrogen Notes References 
I 1 1 I 1 
Ernbanass 
I l l i n o i s  
Illinois 
a t  Grafton, 
I l l i n o i s  
KanAnAee River 
I l l i n o i s  
L l t t l e  Vermi- 
l i o n  River, 
I l l i n o i s  
L i t t l e  Wabash 
River, 
I l l i n o i s  
Mississ ippi  . 
River. 
I l l i n o i s  
Verrnlllon 
River. 
I l l i n o i s  
Wabash River, 
I l l i n o i s  I 
Kaskaskia 
River, 
I l l i n o i s  
Lake 
Chantangua, 
I l l i n o i s  
























b l e  P) 















Fron April 1956 t o  December 1956 
Area 1 3 , 5 0 0  acres  
Measured annually 
1 
i n  Water 
12.8 lb/yr /  
ac re  (Total 
Nitrogen) 
I i n  Sediments 
A Lake or reservoir source 
a Stream source 
Figure 7 .  Lake, reservoir, and stream sampling locations in I l l  inois. 
- - 
1 and hyd ro l yzab le  condensed orthophosphate which i s  more comnonly r e f e r r e d  t o  
as maximum i n o r g a n i c  condensed orthophosphate (MIC) . 
One ex tens i ve  s e t  o f  measurements was made on samples f rom t h e  Kaskaskia 
R i ve r  which f l o w s  through Cent ra l  I l l i n o i s  and i s  t r i b u t a r y  t o  t h e  M i s s i s s i p p i  
R i ve r .  Water samples were c o l l e c t e d  a t  f ou r  l o c a t i o n s  on June 3, 1957. I n  
a d d i t i o n  t o  t h e  usual analyses f o r  orthophosphate P205 and orthophosphate 
p l u s  maximum i n o r g a n i c  condensed P205, t h e  t o t a l  P205 o f  each sample was 
determined by wet-ashing. Table 10 l i s t s  t h e  r e s u l t s  o f  these  measurements and 
shows t h a t  t h e  mean va lue  of maximum i n o r g a n i c  condensed P205 i s  0.20 mg/ l .  
F i f t y  pe rcen t  o f  t h e  phosphate found was i n  t h e  maximum i n o r g a n i c  condensed 
form , 
The range o f  va lues o f  orthophosphate a t  t he  Kaskaskia R i v e r  sampling s t a -  
t i o n s  i s  i n d i c a t e d  i n  Table 11 and summarized i n  Table 12. Concentrat ions o f  
orthophosphate i n  these samples ranged f rom 0.01 mg/l t o  1.76 mg/l P 2 0 5  Con- 
c e n t r a t i o n s  of orthophosphate p l u s  maximum i n o r g a n i c  condensed P205 ranged f rom 
0.03 t o  4.27 mg/l . N i n e t y  percen t  of t he  samples conta ined l e s s  than  0.9 mg/l 
P205 o f  orthophosphate p l u s  maximum i n o r g n i c  condensed P205. 
A s t udy  o f  records o f  r a i n f a l l  and stream d ischarge  i n  r e l a t i o n  t o  d a t e  o f  
sampl ing i n d i c a t e d  t h a t  the  q u a n t i t y  o f  orthophosphate p l u s  maximum i n o r g a n i c  
condensed P205 g e n e r a l l y  increased w i t h  peak r a i n f a l l s  and stream d ischarges.  
A number o f  l akes  and r e s e r v o i r s  i n  I l l i n o i s  has been sampled and t h e  
measured orthophosphate concent ra t ions  a re  summarized i n  Table 13. The mean 
va lue  of orthophosphate p l u s  M I C  P205 i n  these waters  was 0.081 mg/l P 2 0 5  The 
mean orthophosphate was 0.036 mg/l P 2 0 5  The average M I C  P205 was 55 percent .  
The average phosphate con ten t  o f  these samples i s  cons ide rab l y  h i ghe r  than f o r  
t he  1 ake and r e s e r v o i r  sampl e (Tab1 e 1 4 ) .  The average orthophosphate con ten t  
TABLE 10 
SUMMARY OF ORTHOPHOSPHATE PLUS MAXIMUM INORGANIC 
CONDENSED PHOSPHATE CONCENTRATIONS FOR 
KASKASKIA RIVER SURVEY, 1956 
P 0 Range 2 5 No. of Samples Percent  of T o t a l  Cumulative 
(mg/ 1) i n  Range Samples Percent  
From Engelbrecht and Morgan (1959) 
TABLE 11 
MEAN VALUES AND RANGES OF POUNDS PER DAY OF 
ORTHOPHOSPHATE AND MIC P2Q5 AT 
KASKASKIA RIVER SAMPLING STATION, 1956 
LocaTion No. o f  P205 ( l b lday )  
o r  -drthophosphate MIC 
S t a t i o n  Sqnples Low Mean High Low Mean High 
Bandvi l l e  2 7 0 ,04  0 .7  4 2 0 0 .4  3 . 3  
Above F i c k l i n  24 0 30.0  13Q.O 0 .6  14.2  84.0 
Below F i c k l i n  25 0 .4  14.0  73.4 5 .2  33.2 199.7 
She lbyv i  1 l e  2 5 1 9 11 12,810 0 1,749 36,030 
Vandal ia  10 2 1 611 5,167 8 1,858 17,223 
C a r l y l e  7 3 4 486 1,838 25 477 1,694 
New Athens 7 9 0 884 2,112 54 1,656 5,934 
MIC i s  def ined  as Maximum Inorgan ic  Condensed. 
From Engelbrecht  and Morgan (1959) 
(6561) uei?xo~ pue '~y~axq~a8ua uoxd 
60.0 90- o soso a1.t ~~puoa 
TABLE 13 
ORTHQPHOSPiiATE CONTENT OF SAMPLES FROM LAKE AND 
RESERVOIR SQURCES IN ILLINOIS 
Locat ion 
o r  S o u ~ c e  
Phosphate a s  P205 (m6/1) 
- 
Orthophosphate Orthophosphate p lu s  MIC 
Danvi l le  
Danvil l e  
Kincaid 
Mattoon 
P a r i s  
Salem 
S p r i n g f i e l d  
Mean 0,036 0 .081 
MIC i s  de f ined  as Ma~imum Inorganic  Condensed, 
From Epgelbrecht and Morgan (1959) 
TABLE 14 
. ORTHOPHOSPHATE CONTENTS IN ILLINOIS STREAMS 
ANALYTICAL RESULTS FOR GENERAL SURVEY OF ILLINOIS STREAMS 
Location P2Q5 (mg/l) 
I_r_ . , ,  . , ,  
o r  Source Orthophosphate Orthophosphate p lus  MIC 




I 11 i n o i s  River : 
Grafton 
Kankakee River : 
Kankakee 
Kaskaskia River:  
Vandalia 




Evansvi l le  
L i t t l e  Vermilion River:  
Georgetown 
L i t t l e  Wabash River : 
Flora  
Clay Ci ty  
Fa i r  f i e l d  
Mis s i s s ipp i  River:  
Dal las  
Nauvoo 




E .  S t .  Louis 
E .  S t .  Louis 
Chester  
Vermilion River : 
Pont iac  
S t r e a t  o r  
Wabash River : 
M t .  Carmel 
MEAN - - 0.411 0.657 
From Engelbrecht and Morgan (1959) 
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TABLE 15 
PHOSPHORUS CONTENT IN WATER AND SEDIMENTS - WISCONSIN 
Location Phosphorus Nitrogen Notes References 
i n  Sediments 
7,300 ug/g 
d r y  weight 
( n i t r o g e n )  
7,100 pg/g 
d r y  weight 
( n i t r o g e n )  
9,080 ug/g 
d r y  weight 
(n i t rogen)  
9,060 ug/g 
d r y  weight 
( n i t r o g e n )  
i n  Water 
0 . 3  ppm 
( Inorgan ic  
Ni t rogen)  




( Inorgan ic  
Nitrogen) 
302 pg/cmL 
( n i t r a t e )  
479 Lakes of 
Nor theas te rn  
Wisconsin 

























T i s u t  Lake, 
Wisconsin 
At t h e  t ime  of t h e  s p r i n g  o v e r t u r n .  
The wa te r  s o l u b l e  phosphorus con ten t  of limed 
and unlimed a g i t a t e d  systems i n  a l a b o r a t o r y  
experiment .  ' 
Phosphorus r e p o r t e d  was t h e  amount r e l e a s e d  bv 
t h e  mud and p r e s e n t  a s  s o l u b l e  phosphorus i n  
t h e  water  phase o f  t h e  c o n t r o l  system. 
Storm wate r s  
From Oct.  1948-Oct. 1949 
On t h e  l a k e  s u r f a c e .  
Area - -  3,940 ha;  max. dep th  - -  25.6 m. 
Average phosphorus c o n t e n t  i n  sediment  a s  a 
pe rcen t  of t o t a l  sample volume a t  6-15 inches  
below t h e  bottom, and 53 f - e t  d e p t h  of wa te r .  
Area of Lake -- 15.2 square  m i l e s  
max. dep th  - -  8 1  f e e t  
Area - -  1 ,410  ha ;  max. dep th  - -  22.5 m .  
At a l l  t imes  o f  t h e  y e a r  
Wanbesa - -  824 ha ;  11.1 m .  max dep th  
, Kegonsa -- 1,274 h a ;  9 . 6  m .  max. d e p t h  
Measured from iron-manganese d e p o s i t ,  and a t  a 
wa te r  dep th  o f  20 mete r s .  
Determined b y  M r .  James Nicholas i n  t h e  
Chemical Labora to ry ,  Department o f  Geology, 
U n i v e r s i t y  o f  Wisconsin I 
i n  Water 
0.023 mg/l 
(mean of 
T o t a l  P) 
0.01 mg/l 
( I n o r g a n i c  P) 
0.006 mg/l 
(So lub le  P) 
0.008 mg/l 
(So lub le  P) 
0.56 mg/l 
(To ta l  P) 
0 . 2 2  mg/l 
(So lub le  P) 
20 mg/l/cm 
t h i c k  (To ta l  
s o l u b l e  P) 
0.25 mg/l o r  
more ( I n o r -  
g a n i c  P) 

















Sawyer, e t  




e t  a l .  
(1945) 
i n  Sediments 
1,200 mg/kg 
d r y  weight 
(PI 
0.182 % of 
'2'5 
1,070 mg/kg 
d r y  weight 
(p) 
1 ,070  mg/kg 
d r y  weight 
(PI 
1 ,210  mg/kg 
d r y  weight 
IP) 
TABLE 16 
NUTRIENT LOADING OF SOME WISCONSIN STREAMS 
Stream 
N u t r i e n t  Loading ( l b l y r l c f s )  
Inorgan ic  T o t a l  Phosphorus S o l u b l e  Phoshorus Ni t rogen 
Crawfish River  a t  Mouth 
Normal 950 1,160 3 70 
March 4,250 1,980 550 
Rock River  below J e f f e r s o n  
Norma 1 
March 
Yahara River  and Token 
Creek 







( A f t e r  Mackenthun, 1962) 
and t h e  c h a r a c t e r i s t i c s  of t h e  i n d i v i d u a l  l a k e .  Table 17 shows t h e  rr~easured 
r e t e n t i o n  i n  severa l  lakes .  It may be seen t h a t  n u t r i e n t  r e t e n t i o n  i s  lower  
d u r i n g  t h e  w i n t e r  months w i t h  t he  g r e a t e s t  r e t e n t i o n  i n  i no rgan i c  n i t r o g e n  
o c c u r r i n g  d u r i n g  t he  per iods  o f  g r e a t e s t  b i o l o g i c a l  a c t i v i t y  cha rac te r i zed  by 
t he  warm summer months. So lub le  phosphorus r e t e n t i o n  d i s p l a y s  more v a r i a b i l i t y .  
Table 18 g i ves  t he  y e a r l y  average n u t r i e n t  l o a d i n g  and r e t e n t i o n  f o r  severa l  
l akes .  It may be seen t h a t  t he  annual average percentage r e t e n t i o n  o f  i n o r -  
ganic  n i t r o g e n  i s  h i ghe r  than  t h a t  o f  s o l u b l e  phosphorus, e s p e c i a l l y  under 
t he  h i ghe r  load ings .  
N u t r i e n t s  r e t a i n e d  i n  l akes  may be s t o r e d  i n  severa l  p laces:  i n  t he  water ,  
i n  the  sediment o r  i n  a q u a t i c  p l a n t s  i n  concen t ra t i ons  above those needed f o r  
immediate growth requi rements and t h e r e f o r e  a v a i l a b l e  a t  l a t e r  t imes.  Murray 
(1  956) determined t he  phosphorus con ten t  o f  bottom sampl es f rom Lake Mendota , 
a t  v a r i o u s  l o c a t i o n s  i n  t he  l ake .  H i s  r e s u l t s ,  shown i n  Table 19, i n d i c a t e  
t h a t  t h e  phosphorus con ten t  does n o t  change r a d i c a l l y  w i t h  dep th  i n  t h e  sed i -  
ment and an average o f  .202 percen t  o f  P205 determined by vo lume t r i c  method 
f o r  a l l  samples ob ta ined .  Data ob ta ined  by Mackenthun (1962) shown i n  Table 
20 i n d i c a t e s  t h a t  t h i s  would correspond t o  a  t o t a l  phosphorus concen t ra t i on  of 
about 1,2000 mg/kg. 
Table 21 presents  a  summary o f  phosphorus con ten ts  i n  waters  and sediments 
o f  Mich igan l akes .  Table 22 presents  s i m i l a r  da ta  f o r  o the r  Un i t ed  S ta tes  
1  akes. 
N u t r i e n t  Contents i n  Fore ign Lakes 
Table 23 presents  da ta  f o r  concen t ra t ions  o f  phosphorus i n  Canadian lake 
waters.  Data f o r  European l akes  i s  g i ven  i n  Table 24. I h  a d d i t i o n ,  Chu (1942) 
summarized much e a r l y  l i t e r a t u r e  on phosphorus and n i t r o g e n  con ten ts  i n  n a t u r a l  
- - 
waters.  H i s  summary, presented i n  Table 25, shows the  range o f  va lues  commonly 
I 
I- w rP 
ION 0 a 
I TABLE :L8 
NUTRIENT LOADING AND RETENTION I N  WISCONSIN LAKES (ANNUAL AVERAGE) 
S o l u b l e  Phosphorous Inorgan ic  Nitrogen 
Locat ion 
P 
Date Loading Re ten t ion  Loading Re ten t i  on 1 
Lake Mendota - 0 . 6  2 0 
Lake Monona 1942-43 7 
1943-44 9 
I Lake Waubesa 1942-43 6 2 - 26 422 50 
1943-44 6 4 2 5 448 6 4 
I 
Lake Kegonsa 1942-43 34 -21 168 44 
1943-44 3 8 12 156 6 1 
I Lake 1959-60 40 30-70 9 0 80 Koshkonong 
I  
' ~ n n u a l  average percen tage  r e t e n t i o n .  ( A f t e r  Mackenthun, 1962) 
TABLE 19 
PHOSPHORUS CONTENT IN SEDIMENTS OF LAKE MENDOTA, WISCONSIN 
Depth of Water Depth Below the  Bottom % of P 2  O 5  1 
- .  
63 f e e t  0-12 inches 0.275 
12-18 inches 0.209 
18-25 inches Q .  269 
35 f e e t  
53 f e e t  
55 f e e t  
69 f e e t  
0 - 8 inches 
8-14 inches 
14-21 inches 
0 - 6 inches 
6-15 inches 
15-21 inches 
0 - 5 inches 
5-12 inches 




-. . , 
' ~ e t e rmined  by Volumetric Method of Assn. of O f f i c i a l  Agr i cu l tu ra l  
Chemists ( 2.11 an4 2.13) .  (After  Murray, 1956) 
TABLE 20 
PHOSPHORUS AND NITROGEN CQNTENT OF BOTTOM MUDS IN WISCONSIN LAKES 
I Locat ion Phosphorvs i n  mg p e r  kg Ni t rogen i n  mg p e r  kg 
- - -"7--^.. . . 
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PHOSPHORUS CONTENT IN WATER AND SEDIMENTS - CANADA 





Hayes,et a1  
(1952) 
Area -- 39 ha; max. depth -- 18 m .  
Area - -  2,180 ha;  max. depth - -  53 m.  
Area -- 296 ha; max. depth -- 45 m .  
Area -- 13 ha; max. depth -- 31 m .  
Area - -  16 ha; max. depth -- 6 m .  
Area --  15 ha;  max. depth - -  9 m .  
Area -- 0.5  ha;  max. depth - -  12 m .  
Area - -  13 ha; max. depth - -  16 m .  
Area -- 1.5  ha;  max. depth -- 6 m .  
General l eve l  i n  t he  water.  
Area -- 20.4 ha; max. depth -- 3 .8  m .  
Average Phosphorus i n  whole lake .  
Area -- 10 acres  o r  4 ha .  
max. depth -- 7 m.  o r  22 f t .  
-- 




Lake of Two 
















Hal i fax ,  N.S. 
Canada 
























PHOSPHORUS CONTENT IN WATtK AND SEDIMENTS - EUROPE 
Location Phosphorus Nitrogen Notes Reference 
Pod-P content , the  lake change from an o l i go t ro -  





At overturn seasons 
Zurichsee (Unter) -- 6,700 ha. and 
143 m .  max. depth 
Zurichsee (Cber) - -  2,000 ha. and 
50 m .  max. depth 
0.05 mg/l 
(Soluble P) .Has ler ,  A . D .  (1947) 
TABLE 25 
PHOSPHORUS AND NITROGEN CONCENTWTIOHS OF NATURAL FRESH WATERS 
P 
Water loca t ion  ( i n  parts per 
m i  11 ion)  
Lake Super io r  
Lake Superior  
Ennerdale 0.0009 
0 .01  
Windenere  0.0007 
0.04 
Ni le  t r a c e  
0.023 
Miss i s s ipp i  
Miss i s s ipp i  
Miss i s s ipp i  t r a ~ e  
0.065 
M a r f e  0 
0.022 
l l l i n o i s  
l l l i n o i s  







Texas Reservoir  
Lakes 
English Lakes 
Se lec ted  t y p i c a l  
f r e sh  waters  
30 s u r f a c e  waters  
( f l  
36 well  waters  
Various c o l l e c t i o n  
Surface waters  (e)  
Average o f  su r face  
waters  
Average o f  su r face  
waters  (g) 




t r a c e  
0 ,015  
0 ,75(b )  
0.04 








t r a c e  
0.65 
0.064 
O . ~ ( C )  
N 
( i n  p a r t s  pe r  Reference o r  Source 
mi l l ion )  
0.001 Clarke,  1924 
4.113 po le ,  1909 
0.016 P e a r s a l l ,  1930, 1922 
0.08 
0.048 P e a r s a l l ,  1930. 1922 
0 .7  
t r a c e  Clarke,  1924 
0.098 Dole. 1909 
0.32 Dole. 1909 
0.61 C o l l i n s ,  1910 
0.05 Wiebe, 1931 
0.91 
t r a c e  West Riding River  Board, 
1.58 1930 
0,023 Koffoid, 1903 
2.82 
9 . 5  Co l l ins ,  1910 
11.3 
3 .5  Thresh,  e t  a l ,  1933 
$ .? (a )  
1.98 Thresh, e f  a l ,  1953 
1.65 P e a r s a l l ,  1922 
Atkins,  1923, 1924 
Atkins and Har r i s ,  1924 
t r a c e  . T r e s s l e r  qod Domagal?. 
0.25 1931 





t r a c e  
2.0 
0 .8  
5.0 
0 .1  
11.4 
t r a c e  
3.1 




H a r r i s  and S i lyey ,  1940 
P g a r s a l l ,  19?2. 1930 
P e a r s a l l ,  1922, 1930 
Eletropoli tan Water Board, 
London, 1937 
Eletropoli tan Water Board, 
London, 1937 
Cla rke ,  1924 
Thresh,  e t  a l ,  1933 
Murray. 1887 
Clarke,  1924 
- 
The f i g u r e s  g ive  t h e  range, t h e  upper being t h e  minimum and Chu,  19427 
the  lower t h e  maximum; when only one f lgure  i s  given,  i t  
rep resen t s  an average. 
(a)  River Thames a t  S ta ines .  
(b) Maximum P a t  20m. depth,  
(c)  Figure from P e a r s a l l  (1922). 
(dl Including aluminum. 
(e )  Exclude ThameS a t  Grays. 
( f )  Average of t h e  yea r .  
(g) Calculated with 152 as  the average s a l i n i t y .  
N u t r i e n t  Content  P r o f i l e s  i n  Sediments and S o i l s  
The preceding d i scuss ion  has presented a v a i l a b l e  da ta  summarizing t h e  
measured d i s t r i b u t i o n  of n u t r i e n t s  i n  sediments as they  a re  d i s t r i b u t e d  
l a t e r a l l y  i n  d i f f e r e n t  l o c a t i o n s .  Such i n f o r m a t i o n  may be used as a 
gu ide t o  determine where l a r g e  concent ra t ions  may be expected and how these 
concent ra t ions  re1  a t e  t o  geol og i  ca l  and topographic  f ea tu res .  O f  equal 
importance however, i s  t h e  knowledge o f  how these n u t r i e n t s  a r e  d i s t r i b u t e d  
w i t h  depth a t  any g i ven  l o c a t i o n  s i n c e  t h i s  t ype  o f  i n f o r m a t i o n  i s  needed 
t o  es t ima te  t he  t o t a l  amount of n u t r i e n t s  a v a i l a b l e  o r  e x i s t i n g  a t  any s i t e .  . 
A general  l a c k  o f  p r o f i l e  da ta  p resen t i ng  t h e  d i s t r i b u t i o n  o f  n u t r i e n t s  
w i t h  depth i s  a general  i n d i c a t i o n  o f  t he  d i f f i c u l t y  i nvo l ved  w i t h  sampling, 
c o r i n g  and t e s t i n g  o f  n u t r i e n t  r i c h  sediments. For example, r a t h e r  s imple 
and e a s i l y  handled equipment such as t h e  Ekman o r  Peterson dredge i s  s u i t a b l e  
f o r  t a k i n g  r e p r e s e n t a t i v e  samples o f  t h e  f i r s t  few inches o f  t he  sediment 
surface. Chemical analyses on such samples y i e l d  va lues which migh t  be 
thought  o f  as average de te rmina t ions  f o r  su r face  m a t e r i a l s .  On t he  o t h e r  
hand, equipment s u i t a b l e  f o r  sampling sediments t o  any s i g n i f i c a n t  depth i s  
d i f f i c u l  t t o  use, o f t e n  r e q u i r i n g  ex tens i ve  s h i p  suppor t  and mechanical 
ass i  stance t o  handl e t he  heavy and b u l  ky  equ i  pment. Moreover, sample handl i ng 
and s to rage  i s  much more compl icated and impo r tan t  when d e a l i n g  w i t h  s o f t  
sediments than when hand l ing  o the r  types o f  s o i l s .  For these reasons, da ta  
d e s c r i b i n g  the chemical c o n s t i t u e n t s  o f  sediments w i t h  depth i s  ve ry  1 i m i  t ed  . 
The range o f  i n f o r m a t i o n  which i s  a v a i l a b l e  suggests t h a t  phosphate 
concent ra t ions  may e x i s t  t o  s i g n i f i c a n t  depths i n  sediments. Th i s  i s  r e f l e c t e d  
i n  t h e  r e s u l t s  o f  Huchinson and Wollack (1940) and L i v i n g s t o n  and Boykin (1962) 
who s tud ied  t h e  phosphate d i s t r i b u t i o n  i n  cores frorn L i n s l e y  pond i n  Massachusetts. 
The sampl ing p r o f i l e  cons i s t ed  o f  da r k  brown and b l a c k  G y t t j a  ex tend ing  
from t h e  mudl ine t o  a  depth of 11 meters.  The G y t t j a  graded i n t o  a  two meter  
l a y e r  of c l a y  c o n t a i n i n g  a  s h o r t  s e r i e s  o f  b l ack  bands i n  t he  upper p a r t  and 
sand 1  ayers  i n  i t s  lower  p a r t .  The c l a y  was u n d e r l a i n  by coarse unsor ted  
g rave l  l y  sand. 
There i s  some d iscrepancy as t o  t he  t o t a l  q u a n t i t y  o f  phosphate p resen t  
(see Tab le  26) y e t  t he  l a t e r  work m igh t  be a  b e t t e r  measure o f  phosphate con- 
t e n t  because o f  t h e  use o f  a n a l y t i c  procedures t h a t  p rov ided  rrlore complete 
r e l e a s e  o f  phosphates f rom t h e  bottom i n o r g a n i c  s o i l  l a y e r s .  F ig .  8, which - 
p l o t s  t h e  d i s t r i b u t i o n  of phosphate w i t h  depth i n  t h e  d e p o s i t ,  i n d i c a t e s  t h a t  
phosphate concen t ra t i ons  inc rease  f r om an average o f  about 150 mg/l o f  wet  mud 
f o r  t h e  upper 8  meters of t h e  p r o f i l e  t o  a  maxirnuln o f  1640 mg/l a t  a  depth of 
12  meters.  I t  i s  o f  i n t e r e s t  t o  no te  t h a t  h i g h  va lues  o f  phosphate were recorded 
i n  t he  o rgan i c  G y t t j a  as we1 1  as t h e  u n d e r l y i n g  c l a y .  
The presence o f  l a r g e  q u a n t i t i e s  o f  phosphates i n  t h e  lower  r eg ions  of 
t he  d e p o s i t  may be due t o  l a r g e  q u a n t i t i e s  o f  a1 l och tho r~ous  m a t e r i a l  depos i ted  
i n  t h e  l a k e  d u r i n g  i t s  e a r l y  h i s t o r y  which m i g h t  have i n t e r f e r e d  w i t h  t h e  r e l ease  
o f  phosphate i n t o  t h e  water  l a y e r .  I f  t h i s  were t h e  case i t  cou ld  be expected 
t h a t  succeeding geo log i c  d e p o s i t i o n  has occur red  a t  such a  r a t e  as t o  t r a p  these 
h i g h  concen t ra t i ons  making them u n a v a i l a b l e  f o r  subsequent exchange processes. 
The d i s t r i b u t i o n  o f  phosphorus w i t h  dep th  across Lake Mich igan a long  a  
p r o f i l e  between Waukegan and Benton Harbor i s  g raph i ca l  l y  represented i n  F i g .  2. 
These da ta ,  which were ob ta ined  by X-ray f l uo rescence  methods, i n d i c a t e  t h e  
percentage o f  t o t a l  ( bo th  o rgan i c  and i n o r g a n i c )  P205 by  we igh t  o f  d r y  sample 
ob ta ined  by measurements o f  samples taken w i t h  2 - inch  and 3 - i nch  g r a v i t y  co re r s  
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Figure 8 - Phosphorus Content in Sediments of Linsley Pond (after Livingston and Boykin, 1962). 
by t he  P205 con ten t  was h i g h  a t  t h e  surface, decreased i n  t he  f i r s t  25 
cen t imete rs ,  and then  increased again.  For t h e  longer  cores,  i t  seems t h a t  
t he  phosphate l e v e l  again decreases and remains a lmost  cons tan t  t o  a depth o f  
about 200cm. 
Hol den (1 961 ) s tud ied  co re  samples from the  bottorrl depos i t s  o f  produc- 
t i v e  b u t  u n f e r t i l i z e d  l ochs  i n  Scot land.  Measured phosphate concent ra t ions  
a r e  shown i n  F ig .  9. The da ta  i n d l c a t e s  t he  a b i l i t y  o f  t he  sur face  l a y e r  o f  
mud t o  accumulate phosphorus, e i t h e r  frorn s o l u t i o n  o r  f rom p l a n t  and animal 
deb r i s .  Moreover, i t  was found t h a t  these h i g h  sediment concen t ra t ions  were 
r e t a i n e d  i n  equi  1 i b r i m  w i t h  extrernely 1 ow d i sso l ved  phosphate concent ra t ions  
i n  o v e r l y i r l g  water.  I n  l o c h  f e r t i l i z a t i o n  exper iments,  where l a r g e  q u a n t i t i e s  
2 
of phosphate (about 300pg P/cm o f  su r f ace  area) were added t o  t h e  water ,  mud 
co re  samples showed t h a t  i n  some ins tances  t he  phosphorus had penet ra ted  down- 
wards through t h e  mud f o r  a t  l e a s t  150mrn. Holden suggested t h a t  downward 
burrowing bottom fauna orgarlisrns m igh t  have been p a r t l y  r espons ib l e  f o r  some 
o f  t h i s  downward movemerlt s i nce  surface rrlud samples had phosphate concentra- 
t i o n  1 ess t han  p r e v i o u s l y  determined s a t u r a t i o n  l e v e l s .  
Ex tens ive  s tudy  o f  Lake Mendota have a1 so y i e l d e d  measurements o f  t he  
n u t r i e n t  con ten t  wi  t h  depth.  Measurements by Murray (1956) summarized i n  Table 
27 and p l o t t e d  i n  F igure  '10 show t h a t  t he  h i g h  n u t r i e n t  con ten ts  may e x i s t  
u n i f o r m l y  w i t h  depth and need n o t  be con f i ned  t o  o n l y  su r f ace  m a t e r i a l s .  
A v a r i e t y  o f  i n f o r m a t i o n  e x i s t s  d e s c r i b i n g  t h e  d i s t r i b u t i o n  o f  n u t r i e n t s  
w i t h  s o i l  depth i n  non-aquat ic systems. I n  one such s tudy,  Wi l l i ams and 
Saunders (1956) measured t he  d l s t r i  b u t i o n  o f  t o t a l  , t o t a l  o rgan ic ,  and t o t a l  
i n o r g a n i c  phosphorus i n  severa l  sandy S c o t t i s h  s o i l  p r o f i l e s .  I n  general  , they  
found t h a t  t h e  h i g h e s t  P205 con ten t  was l o c a t e d  i n  t he  f i r s t  6 inches and t h a t  
Loch A 
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(cm. 1 
Phosphorus Concentrat ion (mg P/100 g o f  d r y  mud) 
Phosphorus Concentrat ion (mg P/100g d ry  mud) 
50 100 150 200 250 
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t h i s  concent ra t ion  decreased somewhat w i t h  depth. It may be seen from 
Table 28 t h a t  t o t a l  s o i l  phosphorus decreased down a l l  s o i l  p r o f i l e s  y e t  
s i g n i f i c a n t  phosphate concent ra t ion  on the  order  o f  252 mg/P205/100g o f  
s o i l  were found t o  e x i s t  t o  depths i n  excess o f  3 f e e t  below the  surface. 
I t  i s  i n t e r e s t i n g  t o  note t h a t  the r a t i o  between the q u a n t i t y  of organic 
and i no rgan ic  phosphorus was n o t  constant  w i t h  depth. For example, t he  
average t o t a l  phosphorus content  o f  sur face s o i l s  was d i v ided  rough ly  
equa l l y  between the organ ic  and i no rgan ic  forms, w h i l e  a t  depths of about 
3 f e e t ,  t h e  inorgan ic  form predominated. 
More important  however, these r e s u l t s  a l s o  show the  e f f e c t  of permea- 
b i l  i t y  on the n u t r i e n t  content  r e l a t i o n s h i p s  f o r  s o i l .  For example, lower 
permeabi 1  i ty c o r r e l a t e s  w i t h  measurements o f  1  ower t o t a l  phosphorus, much 
lower t o t a l  organic phosphorus, and h igher  values o f  t o t a l  inorgan ic  phos- 
phorus. I n  general, measured phosphorus contents f o r  sands were h igher  then 
f o r  c l  ays. This  observed behavior may we1 1  be due t o  a  combination o f  
ef fects such as d i f f e r e n t  f l o w  ra tes ,  f l o w  q u a n t i t i e s  and sur face a c t i v i t y  
which charac ter ize  the d i f f e r e n t  mater ia ls .  
Discussion o f  N u t r i e n t  Contents i n  Aquatic Systems 
This sec t i on  has summarized data desc r ib ing  the  occurrence and d i s t r i -  
b u t i o n  o f  n u t r i e n t s  i n  aquat ic  systems. I n  add i t ion ,  data has been obta ined 
on the  r e l a t i o n s h i p  between observed n u t r i e n t  l e v e l s  and l e v e l s  which might  
cause eut roph ica t ion .  
This i n v e s t i g a t i o n  has made i t  c l e a r  t h a t  t he re  i s  a  general l ack  o f  
i n fo rma t ion  on the  t ime r a t e  of change o f  n u t r i e n t  content  i n  aquat ic  systems. 
The 1  i m i  t ed  data t h a t  does e x i s t  genera l l y  represents the  r e s u l t s  o f  is01 ated 
measurement programs t h a t  a re  n o t  c o n t i  nued w i  t k t  tirne. Most t ime s  t u d i  es 
TABLE 28 
DISTRIBUTION OF PHOSPHOROUS IN PROFILES OF SCOTTISH SOILS 
Total  P Contents i n  S o i l s  
mg. P205/100g Oven-Dry S o i l  
Depth Organic P a s  
inches  Total  Tota l  organic Total  inorganic  % Of 
Freely  dra ined p r o f i l e  on Old Red Sandstone till 
Poorly dra ined p r o f i l e  on Old Red Sandstone till 
15- 19 145 75 70 5 2 
23- 27 114 28 86 25 
37-4 1 156 24 132 15 
Freely dra ined p r o f i l e  on bas i c  i g n e o u  till 
0-6 413 189 224 46 
Poorly dra ined p r o f i l e  on b a s i c  igneous t i l l  
0-6 35 2 9 3 259 27 
Freely dra ined p r o f i l e  on g r a n i t i c  t i l l  
Poorly drained p r o f i l e  on g r a n i t i c  till 
0-8 215 105 110 49 
33-39 130 4 176 2 
~ r k e l ~  drained p r o f i l e  on s l a t e  t i l l  
0-8 464 24 1 223 5 2 
After  Williams and Saunders (1956) 
have been c a r r i e d  o u t  t o  i n v e s t i g a t e  t h e  seasonal v a r i a t i o n  o f  n u t r i e n t  con- 
t e n t s  d u r i n g  a  s i n g l e  year .  Researchers should, whenever p o s s i b l e  be 
encouraged t o  reoccupy sampl i ng s t a t i o n s  t o  ensure t h a t  measured n u t r i e n t  
con ten ts  do n o t  represen t  t h e  c o n t r i b u t i o n  o f  i s o l a t e d  h y d r o l o g i c  o r  
meteor01 o g i c a l  events. 
A  measure o f  t h e  change i n  sediment n u t r i e n t  con ten t  w i t h  t ime  can be 
ob ta ined  f rom a  knowledge o f  t h e  d i s t r i b u t i o n  o f  these components w i t h  depth. 
For example, s t r a t i g r a p h i c  i n t e r p r e t a t i o n s  and r a d i o  carbon d a t i n g  may be 
used t o  d e r i v e  a  t ime  s c a l e  f o r  d a t i n g  t h e  approximate age of t h e  sediments . 
and t he  concen t ra t i on  o f  t h e  n u t r i e n t  con ten ts  t h a t  were p resen t  a t  t h e  t ime  
o f  depos i t i on .  Fu tu re  success us ing  t h i s  approach w i l l  r e q u i r e  more compre- 
hens ive sampl ing programs t h a t  p rov ides  n u t r i e n t  con ten t  da ta  a t  ad jacen t  
s t a t i o n s  as w e l l  as w i t h  depth a t  d i s t i n c t  p o i n t s  i n  t h e  aqua t i c  environment. 
I n  a d d i t i o n ,  more and b e t t e r  phys ica l -chemica l  l ymno log ic  and s o i l  da ta  
i s  r e q u i r e d  t o  p r o p e r l y  eva lua te  t h e  r e s u l t s  o f  n u t r i e n t  sampl ing programs. 
For ins tance ,  parameters such as temperature and temperature d i s t r i b u t i o n ,  
c u r r e n t  p r o f i l e s ,  chemical p r o f i l e s  and b i o l o g i c a l  da ta  a r e  seldom repo r ted  
b u t  a r e  i n d i s p e n s i b l e  i f  t h e  o v e r a l l  l ymno log ic  regime i s  t o  be understood 
and i t s  c h a r a c t e r i s t i c s  added t o  t h e  n u t r i e n t  con ten t  p i c t u r e .  I n  many cases, 
t h i s  a u x i l i a r y  da ta  may be ob ta ined  w i t h  very  1  i t t l e  added e f f o r t  and t h e  
range o f  s t u d i e s  t h a t  r e q u i r e  such i n f o r m a t i o n  cou ld  general  l y  j u s t i f y  what- 
ever  added e f f o r t  t h a t  must be expended. 
An a d d i t i o n a l  problem i s  presented by t h e  v a r i e t y  o f  u n i t s  used i n  
r e p o r t i n g  data.  I t  i s  r e a l i z e d  t h a t  d i f f e r e n t  d i s c i p l i n e s  f a v o r  t h e i r  own 
u n i t s ;  never the less,  s u f f i c i e n t  i n f o r m a t i o n  should be i nc l uded  t o  a i d  i n  
c o n v e r t i  ng t o  o t h e r  u n i t s .  For example, conve r t i ng  n u t r i e n t  con ten ts  ex- 
pressed i n  terms o f -  d r y  weight  t o  express ion based on wet  we igh t  r e q u i r e s  
a  knowledge of t h e  u n i t  we igh t  of  t he  sediment. Such i n f o r m a t i o n  i s  almost 
always l a c k i n g .  Here, j o u r n a l  rev iewers cou ld  i n s u r e  t h a t  such i n f o r m a t i o n  
i s  p rov ided  by t h e  w r i t e r .  
F i n a l l y  t h e  r e s u l t s  o f  chemical analyses a re  o f t e n  repo r ted  r e l a t i v e  
t o  some standard t e s t .  Yet t h e r e  i s  o f t e n  l i t t l e  thought  as t o  t he  re levance  
o f  t h e  chemical t e s t  t o  t he  i n d i v i d u a l  system which i s  t o  be s tud ied .  For 
exarnpl e, t he  s tandard sepa ra t i on  t o  determine s o l u b l e  and i n s o l u b l e  phos- 
phorous i s  w i t h  a  45u f i l t e r .  Th is  i s  a  ho ld-over  f rom po tab le  water  
de te rmina t ions  which r e q u i r e d  r a p i d  measures o f  c o l i f o r m  organisms. Many 
b a c t e r i a ,  con ta in i ng  l a r g e  q u a n t i t i e s  o f  phosphates, wi  11 pass a  4 5 ~  f i l t e r ,  
and thus much i n s o l u b l e  phosphate may be repo r ted  as so lub le .  I n  t h i s  
example, t h e  a n a l y t i c a l  b reakpo in t  was chosen a r b i t r a r i l y  i n  t h e  m idd le  o f  
a  range o f  c r i t i c a l  importance. 
B. MECHANISMS FOR DESCRIBING PI'IOBILITY OF PHOSPHOROUS NUTRIENTS I N  
AQUATI C SYSTEMS 
Organ i za t i ona l  Char t  f o r  Mechanisms Reported i n  t h e  L i t e r a t u r e  
A  v a r i e t y  o f  mechanisms has been proposed f o r  t h e  phosphate c y c l e  i n  
aqua t i c  systems. However, ve ry  l i t t l e  a t t e n t i o n  has been g i ven  t o  o rgan i z i ng  
t h e  va r i ous  mechanisms suggested i n  terms o f  b a s i c  p r i n c i p l e s  o f  phys ics and 
chemist ry .  Thus i t  i s  very  d i f f i c u l t  t o  cons ider  i n  any comprehensive f ash ion  
t h e  phosphate n u t r i e n t  c y c l e  i n  such systems. Therefore,  an at tempt  has been 
made i n  Table 29 t o  o rgan ize  prev ious research i n t o  a  s i n g l e  fo rmat  which i s  
based on such fundamental p r i n c i p l e s .  For each e n t r y  i n  Tab le  29, a  b r i e f  
d e s c r i p t i o n  o f  t h e  mechanism i s  g iven  a long  w i t h  t h e  1  i t e r a t u r e  re fe rence  i n  
which t he  mechanism was discussed. I n  many cases more than  one au thor  has 
repo r ted  s tud ies  on a  g i ven  mechanism, 
- 
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The t a b l e  as a  whole i s  designed t o  demonstrate poss ib l e  t ransforma-  
t i o n s  t h a t  phosphate can undergo. Two ma jo r  types o f  t r ans fo rma t i ons  a r e  
considered. The f i r s t  ma jo r  t r a n s f o r m a t i o n  i s  a  s p a t i a l  t rans fo rmat ion .  
Such t r ans fo rma t i ons  i m p l y  t h a t  t h e  p o s i t i o n  o f  t he  phosphate i n  t he  aqua t i c  
system changes. I n  p a r t i c u l a r ,  a  d i s t i n c t i o n  i s  made between phosphate which 
res ides  i n  an o rgan ic  domain w i t h i n  t h e  l a k e  and phosphate which res ides  
w i t h i n  an i n o r g a n i c  domain w i t h i n  t he  lake .  For example, phosphates which 
e x i s t  i n  a  s o l u t i o n  i n  t h e  water  would be cons idered t o  be i n  an i n o r g a n i c  
domain, and phosphates which r e s i d e  w i t h i n  p l a n t s  o r  animals would be con- 
s i de red  t o  be w i t h i n  o rgan ic  domains. Three ma jo r  c lasses o f  s p a t i a l  
t r a n s l a t i o n  a re  considered. The f i r s t  c l ass  o f  s p a t i a l  t r a n s l a t i o n  a c t u a l l y  
i n v o l v e s  no s p a t i a l  t r a n s l a t i o n  o f  t he  phosphate. Thus phosphate which changes 
i t s  chemical s t a t e  b u t  s t i l l  remains i n  s o l u t i o n  i n  t he  wate r  would n o t  be 
cons idered t o  have undergone a  s p a t i a l  t r a n s l a t i o n .  A second t ype  o f  s p a t i a l  
t r a n s l a t i o n  i s  termed a  homogeneous s p a t i a l  t r a n s l a t i o n .  Homogeneous s p a t i a l  
t r a n s l a t i o n  i m p l i e s  t h a t  t he  phosphate undergoes a  t r a n s i t i o n  from one 
s p a t i a l  domain t o  another s p a t i a l  domain b u t  t h a t  t h e  two s p a t i a l  domains a re  
o f  t he  same type. Such homogeneous s p a t i a l  t r a n s l a t i o n s  can i n v o l v e  go ing  
f rom an i n o r g a n i c  domain t o  another  i n o r g a n i c  domain, o r  f rom an o rgan i c  
domain t o  another  o rgan ic  domain. An example o f  t he  l a t t e r  would be phosphate 
which r e s i d e s  i n  a  p l a n t  be ing  t r a n s l a t e d  i n t o  another o rgan i c  domain through 
i r ~ g e s t i o n  by an animal.  An example o f  a  homogeneous s p a t i a l  t r a n s l a t i o n  f rom 
an i n o r g a n i c  domain t o  another  i n o r g a n i c  domain would be phosphate, e x i s t i n g  
i n  s o l u t i o n  i n  t he  water,  becoming lodged i n  t h e  i n t e r l a t t i c e  p o s i t i o n s  o f  
c l a y  minera ls .  The t h i r d  t ype  o f  s p a t i a l  t r a n s l a t i o n  i s  a  heterogeneous 
s p a t i  a1 t r a n s l a t i o n .  A heterogeneous s p a t i a l  t r a n s l a t i o n  imp1 i e s  t h a t  t h e  
phosphate goes from a  domain o f  one t ype  t o  a  domain o f  another  type.  Poss ib l e  
- - 
heterogeneous s p a t i a l  t r a n s l a t i o n s  a r e  i n o r g a n i c  t o  o rgan i c  and o rgan i c  
t o  i no rgan i c .  Uptake o f  phosphate t h a t  e x i s t s  i n  s o l u t i o n  i n  wate r  by 
adso rp t i on  thpough c e l l  membranes i s  an example o f  an i n o r g a n i c  t o  o rgan i c  
heterogeneous s p a t i  a1 t r ans1  a t i o n .  Phosphate be ing  desorbed by p l  an ts  
would be an exarrlple o f  an o rgan i c  t o  i n o r g a n i c  heterogeneous s p a t i a l  
t r a n s l a t i o n .  
The second c l a s s  o f  t r a r ~ s f o r m a t i o n  t o  be cons idered i s  a  transforma- 
t i o n  i n  t h e  chemical s t a t e  o f  t h e  phosphate. Again, t h e r e  a r e  t h r e e  p o s s i b l e  
types o f  chemical t rans fo rmat ions .  The f i r s t  t ype  i nvo l ves  no chemical 
t r a n s f o r m a t i o n  and t h e  phosphate rernains through t h e  t r ans fo rma t i on  i n  i t s  
o r i g i n a l  chemical form. A  second c l a s s  o f  chemical t rans fo r rna t ion  i s  a  
homogeneous chemical t rans fo rmat ion .  Homogeneous cherrlical t r a r ~ s f o r m a t i o n  
i nvo l ves  a  change i n  chemical s t a t e  b u t  i f  t h e  phosphate was o r i g i n a l l y  i n  
an i n o r g a n i c  chemical s t a t e  i t  remains i n  an i no rgan i c  chemical s t a t e .  I f  
t h e  phosphate was o r i g i n a l l y  i n  an o rgan i c  chemical s t a t e ,  i t  remains i n  an 
o rgan i c  chemical s t a te .  An exarrlple o f  t h e  former  would be phospates re leased  
f rom i no rgan i c  compounds t o  s o l u t i o n  i n  water  through reduc ing  cond i t i ons .  
An example o f  t h e  l a t t e r  would be d i g e s t i v e  processes i n  animals which r e s u l t  
i n  t he  t r ans fo rma t i on  o f  o rgan i c  phosphorous t o  a  d i f f e r e n t  t y p e  o f  o rgan i c  
phosphorous. The t h i r d  c l ass  o f  chemical t r anso f rma t i on  i s  t h e  heterogeneous 
chemical t rans fo rmat ion .  I n  t h i s  t ype  o f  t r ans fo rma t i on  t h e  phosphate i s  
changed f rom one chemical form t o  another by e i t h e r  an i n o r g a n i c  t o  o rgan i c  
t r a n s f o r m a t i o n  o r  an o rgan ic  t o  i no rgan i c  t rans fo rmat ion .  An example o f  an 
i n o r g a n i c  t o  o rgan ic  heterogeneous chemical t r ans fo rma t i on  would be t h e  
f o rma t i on  o f  o rgan i c  compounds f rom i n o r g a n i c  compounds d-i so l  ved i n  water.  
An example o f  an o rgan ic  t o  i no rgan i c  heterogeneous chemical t r a r l s f o rma t i on  
would be t h e  decomposit ion o f  dead b a c t e r i a  t o  r e l ease  i n o r g a n i c  s o l u b l e  
phosphate t o  -the water.  
I 
Discuss ion  o f  Mechanisms S tud ied  
I The p r imary  o b j e c t i v e  o f  t h e  l i t e r a t u r e  search was t o  determine t he  
I r e 1  a t i o n s h i  p  between phosphate i n  sediments and phosphates i n  s o l u t i o n  ; 
t t hus  t h e r e  a r e  p r e s e n t l y  more e n t r i e s  i n  t he  t a b l e  i n  t r ans fo rma t i ons  t h a t  
1 a r e  i n v o l v e d  i n  t h i s  p a r t i c u l a r  aspect o f  t h e  problem o f  t h e  f a t e  o f  
phosphates. 
There fo re ,  t h e  d i l i g e n c e  w i t h  which t h e  l i t e r a t u r e  was searched was 
I n o t  un i f o rm  arnongs t the  severa l  poss i  b l  e  t r ans fo rma t i on  mechanisms . Never- 
I t he less ,  t he  fo rmat  o f f e r e d  by t h e  t a b l e  should be u s e f u l  as a  v e h i c l e  f o r  
I con t inued  o r g a n i z a t i o n  o f  t he  s t a t e  o f  research i n  t he  f a t e  o f  phosphates. 
I t  i s  hoped t h a t  o t h e r  i n v e s t i g a t o r s  w i l l  c o n t r i b u t e  mechanisms and 
assoc ia ted  re fe rences  i n  t h e  areas t h a t  a re  n o t  s t r o n g l y  represented i n  
t he  t a b l e .  
Several  p a t t e r n s  emerge i n  Table 15 which deserve comment. F i r s t ,  
many mechanisms have been proposed which i n v o l v e  e i t h e r  no chemical t r a n s -  
f o rma t i on  o r  no s p a t i a l  t r a n s l a t i o n .  The l a r g e  number o f  mechanisms 
s t u d i e d  i n  these areas r e s u l t s  f rom the  s i m p l i f y i n g  assumption t h a t  o n l y  
a  s i n g l e  t ype  o f  t r ans fo rma t i on  i s  encountered. Secondly, o f  t h e  mixed 
t r ans fo rma t i on  mechanisms, most l i e  i n  squares a long  t he  upper l e f t  t o  
lower  r i g h t  d iagona l .  Th is  i s  l o g i c a l  s i nce  such squares represen t  cases 
where t he  chemical form o f  t he  phosphate i s  t he  same as t h e  chemical form 
o f  t h e  space w i t h i n  which t h e  phosphate res ides .  Thus we would n o t  be 
surp r i sed ,  f o r  i n s t a n c e , , t o  see an i n o r g a n i c  t o  o rgan ic  chemical t r a n s f o r -  
1 
J mat ion o c c u r r i n g  s imu l taneous ly  wi t h  an i n o r g a n i c  t o  o rgan ic  s p a t i a l  t rans1  a- 
/ t i o n .  T h i r d l y ,  i t  may be noted t h a t  i n o r g a n i c  t ype  mechanisms predominate. 
. J T h i s  may be t he  r e s u l t  o f  b i a s  i n  t he  1  i t e r a t u r e  search, b u t  i t  may a l s o  




It rrlay a l s o  be noted t h a t  a  wide v a r i e t y  o f  mechanisms f o r  t r a n s f o r -  
mat ion o f  phosphates i n  aqua t i c  systems has been s tud ied .  The d e t a i l  o f  
t he  s tud ies  and t h e i r  re levance t o  c o n d i t i o n s  i n  n a t u r a l  systerr~s v a r i e s .  
The commonly employed technique o f  i s o l a t i n g  v a r i a b l e s  has o f t e n  r e s u l t e d  
i n  t o o  few v a r i a b l e s  be ing  examined as w e l l  as i n  m in im iz i ng  t he  s tudy  o f  
i n t e r a c t i o n  between t h e  v a r i a b l e s .  I n  p a r t i c u l a r ,  t he  p rob l  ern o f  eu t roph ica-  
t i o n  i s  o f t e n  cha rac te r i zed  by a  s p o r a t i c  event  such as t he  occurrence o f  
an a l g a l  bloom. Such an event  may n o t  depend upon t h e  va lue  o f  a  s i n g l e  
parameter b u t  r a t h e r  on a  c r i t i c a l  combinat ion o f  va lues f o r  two o r  more 
parameters.  Thus one weakness o f  t he  e x i s t i n g  l i t e r a t u r e  i s  a  f a i l u r e  t o  
c a r e f u l l y  cons ider  t he  i n d i v i d u a l  and combined e f f e c t s  o f  a  v a r i e t y  o f  
parameters t h a t  m igh t  i n f l u e n c e  t he  mechanism. 
A second shortcoming i n  t he  l i t e r a t u r e  i s  t he  tendency t o  ass ign  
c a u s i t i v e  s i g n i f i c a n c e  t o  what may o n l y  be i n d i r e c t  parameters. Thus a  
c o r r e l a t i o n  may be s e t  between pH and t he  degree o f  a c t i v i t y  o f  some 
mechanism w i t h o u t  a t tempt ing  t o  ass ign t he  s p e c i f i c  physico-chemical r o l e  
o f  pH w i t h i n  t h a t  mechanism. 
A t h i r d  shortcoming i n  t h e  l i t e r a t u r e  i s  t he  f a i l u r e  t o  f u l l y  examine 
mu1 t i  path mechanisms i n  1  i g h t  o f  t h e  p r o b a b i l i t y  o f  branching t o  t h e  severa l  
a l t e r n a t i v e  mechanisms. Thus i f  phosphate i s  known t o  e x i s t  i n  a  g i ven  
physico-chemical  s t a t e ,  one must l ook  a t  a1 1  poss ib l e  t rans fo rmat ions  t o  
o t h e r  s t a t e s  and dec ide which t r ans fo rma t i on  i s  most l i k e l y  t o  occur .  
I m p l i c i t  i n  t h i s  i s  t h a t  t h e  r a t e s  o f  t r ans fo rma t i on  f o r  each poss ib l e  
mechanism must be s tud ied .  
T h i s  f a i l u r e  t o  cons ider  t he  dynamics o f  t he  system probably  r ep re -  
sents  t he  area t h a t  can be most f r u i t f u l l y  s t ud ied  a t  present .  The f o l l o w i n g  
i l l u s t r a t i o n  p o i n t s  o u t  one such case. Whi le  t he  t o t a l  phosphate conta ined 
i n  bac te r ia '  i s  r e l a t i v e l y  sma l l ,  t he  tu rnover  r a t e  i s  q u i t e  h i gh .  Thus 
b a c t e r i a  acqu i re  phosphate by a t t a c k i n g  dead organisms. These b a c t e r i a  i n  
t u r n  d i e  and s i n k  t o  t he  l a k e  bottom. The r o l e  o f  b a c t e r i a  here i s  t o  sub- 
d i v i d e  phosphate i n t o  smal l  e r  packets w i t h i n  t he  system. The spac ia l  t r a n s l a -  
t i o n  i s  o rgan ic  t o  o rgan ic  and t he  chemical t r ans fo rma t i on  i s  o rgan ic  t o  
o rgan ic .  Nevertheless , phosphate i n  a  b a c t e r i a  c e l l  i s  p o t e n t i  a1 l y  more 
a v a i l a b l e  than phosphate i n  a  l a r g e r  organism s imp ly  because t h e  b a c t e r i a  i s  
sma l l e r  than t h e  o r g a r ~ i  sm. 
The b a t e r i a  which s e t t l e  t o  t he  bottom o f  t h e  l a k e  then decompose. 
The r e s u l t i n g  o rgan ic  t o  i n o r g a n i c  chemical t r ans fo rma t i on  serves as a  
p o t e n t i a l  source o f  i no rgan i c  phosphorous f o r  assoc ia t i on  w i t h  c l a y s  i n  
sediments. However, s t a t i c  s t ud ies  i n d i c a t e  t h a t  t h i s  r e a c t i o n  can o n l y  
occur i f  t he  decomposed b a c t e r i a  a re  i n  phys i ca l  c o n t a c t  w i t h  t he  c l a y .  
Thus i n  s t a t i o n a r y  sediments, t h i s  exchange occurs o n l y  w i t h i n  t he  top  
r r ~ i l l  ime te r  o r  two. C l e a r l y ,  under such circumstances, t he  bottom c l a y s  
cannot a c t  as e f f e c t i v e  r e s e r v o i r s  f o r  l a r g e  q u a n t i t i e s  o f  phosphate 
n u t r i e n t s .  However, i t  i s  n o t  unusual f o r  c l a y s  t o  h o l d  enough phosphate 
t o  i n i t i a t e  hundreds o f  a l g a l  blooms. Thus some mechanism must e x i s t  
whereby increased c o n t a c t  between dead b a c t e r i a  and c l a y s  occurs.  Th i s  
mechanism appears t o  be through t he  dynamic d is tu rbance  o f  t he  bottom sed i -  
ments. Typ i ca l  mechani srr~s f o r  d is tu rbance  o f  sediments a r e  normal cu r ren t s ,  
d e n s i t y  c u r r e n t s ,  f i s h  s t i r r i n g ,  seiches , underwater l a n d s l i d e s ,  b a c t e r i a l  
fe rmenta t ion ,  s t i r r i n g  by sh ip  p r o p e l l e r s ,  dredging and o t h e r  cons t ruc t i on .  
Very l i t t l e  work has been done t o  da te  on t he  dynamics o f  t h i s  impor tan t  
exchange r e a c t i o n .  
PHASE I 1  - LABORATORY TECHNIQUES FOR STUDYING THE MOBILITY OF PHOSPHATES 
' I N  SEDIMENTS 
Labora to ry  Techniques f o r  t h e  Determi n a t i o n  o f  Phosphorous 
A search o f  t h e  l i t e r a t u r e  produced two techniques f o r  measuring P 
i s  s o i l s  and water.  Both techniques determine t o t a l  P by conve r t i ng  
phosphate t o  a phosphomolybdate complex. The i n t e n s i t y  o f  t h e  b l u e  c o l o r  o f  
t h i s  complex i s  measured co l  o r i m e t r i  ca l  l y  by comparison w i t h  known standards 
a t  660 mp. 
The d e t a i l s  o f  t h e  techniques appear i n  "Chemistry Labora to ry  Manual", 
Bottom sediments, complied by t h e  Great Lakes Region Committee on A n a l y t i c a l  
Methods (1969). 
Design o f  Specia l  Conso l i da t i on  Tes t  Apparatus 
A l a b o r a t o r y  t e s t i n g  program has been designed t o  determine t h e  m o b i l i t y  
o f  phosphates i n  sediments due t o  i o n i c  d i f f u s i o n  and mass t r a n s p o r t  by f l o w i n g  
water.  A m o d i f i c a t i o n  o f  t h e  consol i d a t i o n  t e s t  was chosen f o r  t h i s  purpose. 
I n  t h i s  t e s t ,  as shown i n  F ig .  11 , a sa tu ra ted  s o i l  sample i s  con f ined  i n  a 
r i g i d  c y l i n d r i c a l  tube. The ends o f  t h e  sample a r e  loaded by a porous r i g i d  
p l a t e  t o  which an ex te rna l  f o r c e  i s  app l ied .  I n i t i a l l y  t he  e n t i r e  l o a d  i s  
borne by a b u i l d u p  o f  pressure i n  t h e  water  i n  t he  pores o f  t h e  s o i l .  The 
o n l y  way i n  which t h i s  pressure can be re leased  i s  by water  f l o w i n g  o u t  through 
t h e  porous p l a t e s  a t  t he  end o f  t h e  sample. Th is  dynamic o u t f l o w  o f  wa te r  
c o r ~ t i n u e s  u n t i l  a l l  excess pore water  pressure i s  d i ss i pa ted .  The process 
o f  water  o u t f l o w  i s  termed conso l i da t i on .  
The consol  i d a t i o n  t e s t  has d i s t i n c t  advantages f o r  t he  p resen t  study. 
S ince t h e r e  i s  a compression fo rce  i n  t h e  s o i l  mass, t h e  o u t f l o w  o f  wa te r  
occurs u n i f o r m l y  f rom a l l  o f  t h e  i n t e r s t i t i a l  pores i n  t he  s o i l .  Th i s  i s  
I"' 
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i n  c o n t r a s t  t o  a  s imple p e r m e a b i l i t y  t e s t  where f l o w  has been shown t o  occur  
through channels around t h e  pe r i phe ry  o f  t h e  sample. Moreover, t h e  conso l ida-  
t i o n  process has a b u i l t - i n  t ime  dependency wt-lict-I r e s u l t s  i n  imposing a 
v a r i a b l e  dynarnic f o r c e  on t h e  pore ions .  
For purposes o f  these s tud ies ,  t h e  t r i a x i a l  t e s t  w i l l  be mod i f i ed  t o  
a l l o w  the  use o f  r a d i o a c t i v e  t r a c e r  techniques t o  a s s i s t  i n  ana l yz i ng  t h e  
t e s t  r e s u l t s .  The sample t o  be used wi 11 c o n s i s t  o f  t h r e e  subsamples as 
shown i n  F ig .  11. The phosphate con ten t  throughout  t h e  e n t i r e  sample w i l l  
be constant ;  however, t h e  cen te r  one t h i r d  o f  t h e  sample w i l l  c o n t a i n  some 
r a d i o a c t i v e  P-32. A t  t h e  complet ion o f  t h e  consol  i d a t i o n  phase, t h e  sample 
w i l l  be sec t i oned  i n t o  s l i c e s  approx imate ly  0.01 i n c h  t h i c k  and t h e  q u a n t i t y  
o f  r a d i o a c t i v e  phosphorous, w i l l  be determined us ing  s tandard r a d i o n u c l e i d  
coun t ing  techniques. The r e s u l t s  o f  these t e s t s  w i l l  show t h e  amount o f  
d i s p e r s i o n  a t  t h e  i n t e r f a c e s  between t he  t h r e e  s o i l  p lugs.  
A t e s t i n g  program us ing  these techniques i s  p r e s e n t l y  be ing  conducted 
under c o n t r a c t  A-053, Dynamic I n t e r a c t i o n  Between Phosphate N u t r i e n t s  and 
Sediments, through t h e  Annual A l l o tmen t  Program o f  t h e  Water Resources Center. 
I n  t h i s  s tudy t h e  m o b i l i t y  o f  phosphate i n  i l l i t e  c l a y  i s  be ing  determined 
under f i v e  d r i v i n g  f o r ces  and f o r  f o u r  phosphate concen t ra t i on  1 eve1 s. 
Reduct ion o f  Labora to ry  Data 
A computer program has been developed t o  analyze t h e  da ta  t o  be ob ta ined  
f rom the  r a d i o n u c l i e d  coun t ing  apparatus. The program reduces t h e  da ta  and 
p l o t s  t h e  r e s u l t s  on a Cal-Comp p l o t t e r .  The f o l l o w i n g  o u t p u t  n o r m a l i z a t i o n  
op t i ons  a re  avai  lab1  e: 
1. Counts normal i z a t i o n  
a. d i s p l a y  o f  counts pe r  m inu te  per  gram (c/m/g) a t  a  
s c a l e  t o  f i t  w i t h i n  t e n  inches 
b. d i s p l a y  o f  c/m/g w i t h  sample background count  sub t rac ted  
c. d i s p l a y  o f  c/m/g w i t h  sample background count  sub t rac ted  
and average c r e s t  o f  p l o t  normal i z e d  t o  f i v e  inches 
2. No rma l i za t i on  w i t h  respec t  t o  p o s i t i o n  a long t h e  sample 
a. ac tua l  d i s t ance  
b. ac tua l  d i s t ance  normal ized t o  t e n  inches 
c. ac tua l  cumula t i ve  we igh t  
d. ac tua l  cumula t i ve  we igh t  normal ized t o  t e n  inches 
3. Normalization w i t h  r espec t  t o  bo th  we igh t  and c/m/g t o  y i e l d  
a  u n i t  area under t h e  t o t a l  curve. 
4. C o r r e c t i o n  o f  c/m/g f o r  decay. 
F i gu re  12 shows t y p i c a l  1  abora to ry  da ta  ob ta ined  us ing  t h e  exper imenta l  
techniques developed. The r e s u l t s  t o  da te  i n d i c a t e  t h a t  these techniques 
w i l l  be acceptable f o r  use under c o n t r a c t  A-053. 
CONCLUSIONS 
The i n i t i a l  o b j e c t i v e s  o f  t h i s  research have been met. The l i t e r a t u r e  
rev iew o f  t h e  p resen t  s t a t e  o f  knowledge concern ing where phosphates occur  
i n  sediments produced cons iderab le  da ta  as summarized i n  Tables 1 through 28 
and F igures  1 through 10. I n  many cases i t  was d i f f i c u l t  t o  conve r t  da ta  
presented i n  t he  1 i t e r a t u r e  i n t o  cons i s  t e n t  u n i t s  f o r  comparison purposes. 
The l i t e r a t u r e  rev iew o f  mechanisms by which phosphates a re  h e l d  i n  
sediments and mechanisms t h a t  r e s u l t  i n  m o b i l i t y  o f  phosphates w i t h i n  sediments 
- 

r e s u l t e d  i n  extending the  scope o f  the  o r i g i n a l  proposal.  I t  was found t h a t  
i n t e r a c t i o n s  between the  sediment and the  o t h e r  components o f  t he  aquat ic  
system cou ld  no t  be ignored. Table 29 presents a synthesis  o f  mechanisms 
f o r  f a t e  o f  phosphates i n  aquat ic  systems compiled from the -d te ra tu re .  
The second phase o f  the research concerned l a b o r a t o r y  techniques f o r  
measuring t r a n s p o r t  phenomena f o r  phosphates i n  sediments. Techniques 
c u r r e n t l y  recommended by the  Great Lakes Region Committee on A n a l y t i c a l  
Methods (1969) were found t o  be acceptable. 
A spec ia l  conso l i da t i on  t e s t  apparatus was designed t o  a l l o w  the  use . 
o f  p3* t r a c e r  techniques f o r  s tudy ing  the  t ranspo r t  o f  phosphorous i n  s o i l s .  
I n i t i a l  t e s t s  on the  apparatus i n d i c a t e  t h a t  i t  w i l l  perform acceptably.  
RELATIONSHIP TO WATER RESOURCES PROBLEMS 
The work performed under c o n t r a c t  A-047, The Role o f  sediments i n  
Eu t roph i ca t i on  - A Pre l im inary  Study, i s  p a r t i c u l a r l y  p e r t i n e n t  t o  t he  
s o l u t i o n  o f  p ress ing  problems i n  eu t roph ica t ion .  Eu t roph i ca t i on  i s  a pro- 
cess which depletes l ake  and r i v e r s  o f  oxygen. The process i s  i n i t i a t e d  by 
n u t r i e n t s  such as phosphorous and n i t r ogen  which cause the  accelerated 
growth o f  algae. This  algae then cu ts  o f f  sun l i g h t  which r e s u l t s  i n  a 
d r a s t i c  decrease i n  oxygen product ion.  The d e p l e t i o n  o f  oxygen, i n  tu rn ,  
r e s u l t s  i n  the  death o f  animal 1 i f e .  
The purpose o f  t h i s  research was t o  i n v e s t i g a t e  t he  ex ten t  t o  which 
n u t r i e n t s  i n  sediments migh t  become a v a i l a b l e  f o r  a l g a l  growth. The study 
encompassed t h e  f o l l o w i n g  areas: 
1. a l i t e r a t u r e  review determin ing t h e  present s t a t e  o f  knowledge 
concerning the  q u a n t i t a t i v e  d i s t r i b u t i o n  o f  phosphates i n  
sediments. The r e s u l t s  o f  t h i s  rev iew i n d i c a t e d  t h a t  p o t e n t i a l l y  
dangerously l a r g e  q u a n t i t i e s  of phsophates and n i t r a t e s  a r e  
s t o r e d  i n  some sediments. 
2. a  l i t e r a t u r e  rev iew o f  mechanisms proposed by which n u t r i e n t s  
a r e  he ld  i n  sediments and mechanisms t h a t  r e s u l t  i n  m o b i l i t y  
o f  n u t r i e n t s  w i t h i n  t h e  t o t a l  aqua t i c  system. I t  was determined 
t h a t  many mechanisms e x i s t  t h a t  cou ld  r e s u l t  i n  t h e  re l ease  o f  
n u t r i e n t s  f rom sediments i n t o  t h e  o v e r l y i n g  waters.  
3. an exper imenta l  p o r t i o n  o f  t he  research r e s u l t e d  i n  t h e  develop- 
ment o f  spec ia l  l a b o r a t o r y  apparatus t o  use r a d i o n u c l e i d  techniques 
t o  s tudy t he  t r a n s p o r t  o f  n u t r i e n t s  i n  sediments. 
Th is  i n v e s t i g a t i o n  was p r e l  im inary  t o  a  c o n t i n u i n g  c o n t r a c t  A-053, Clynamic 
I n t e r a c t i o n  Between Phosphate N u t r i e n t s  and Sediments. An o b j e c t i v e  o f  A-053 
i s  t o  s tudy t h e  dynamic re l ease  o f  phosphates from sediments and assess t h e  
p o t e n t i a l  o f  these sediments f o r  supp ly ing  n u t r i e n t s  f o r  eu t roph i ca t i on .  
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fuming s u l f u r i c  a c i d  and hea t i ng  t he  s o l u t i o n  f o r  two hours on a ho t -  
wa te r  ba th .  
7  v 7  7 7  
A wa te r  sample i s  f i r s t  deco lo r i zed ,  i f  necessary, w i t h  an a1 uminum 
hydrox ide  suspension. lVi tri t e  i f  present ,  i s  conver ted t o  n i t r a t e  w i t h  
potassium permanganate i n  t h e  presence o f  s u l f u r i c  ac id .  Ch lo r i de  i f  
present ,  i s  removed by p r e c i p i t a t i o n  w i t h  s i l v e r  s u l  f a t e ,  f o l l owed  by 
f i 1  t r a t i o n  o r  c e n t r i f u g a t i o n .  The sample i s  n e u t r a l i z e d  t o  a  pH o f  7 
and evaporated t o  dryness. The res idue  i s  rubbed thorough ly  w i t h  7 7 7  t o  
p reven t  any und isso lved  res idue  f rom remaining, and i f  needed, heated on a 
a wa te r  ba th  f o r  a  s h o r t  pe r i od .  The s o l u t i o n  i s  d i l u t e d  w i t h  wa te r  and 
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